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Synthesis and Characterization of the SO,N,, (SO,),N;, and SO,N; Anic_)ns“
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Thorsten Schrbér,* Fook S. Tham,® Ashwani Vij," Vandana Vij," Ross L Wagner,* and
William W. Wilson '

Contribution from the Propulsioﬁ Sciences and Advanced Coﬁcepts Division, Air Force
Research Laboratory (AFRL/PRS), Edwards AFB, Caiifomia 93524, Loker Hydrocarbon
| ‘Research Institute and Department of Chemistry, University of Southern California, Los Angeles, '

California 90089, University of California, Riverside, California 92521

Abstract: SO, solutions of azide anions are bright yellow and their Raman spectra indicate the
presence of covalently bound azide. Removal of the solvent at 64 °C from CsN, or N(CH,),N,
solutions produces yellow (SO,),N; salts. Above —64 °C, these salts lose one mole of SO,
resulting in’ white SO,N; salts that are marginally stable .at room temperature and thermally
decompose to the corresponding azides and SO,. These anions were characterized by vibrational
and “N-NMR spectroscopy, and theo;etical c_alculations. Slow loss of the solvent by diffusion
through the walls of a sealed Teflon tube containing a sample of CsSO,N, in SO, resulfed in
white and yeilowish single crystals thgt were identified by x-ray diffraction as CsSOZNB-CssosN;
- and Cs,S,0,Cs,S,0,-80,, respectively. Pure CsSO,N, was also prepared and characterized by
vibrational spéctroscopy. The S-N vbond m SO,N; is much weaker than that in SO,N;,, resulting’
i_n decreased thermal stability, an increase in the S-N bopd distance by 0.23 A, and an increased
tendency td ﬁndergo rotational disorder. This marked difference is due to SO, being a much
stronger Eewis acid (pF value of 7.83) than SO, (pF value of 3.99), thus forming a stronger S-N

bond with the Lewis base N,. The geometry of the free- gaseous SOZN; anion was calculated at




the RHF, MP2, B3LYP, and CCSD(T) levels. The results show that only the correlated methods

correctly reproduce the experimentally observed orientation of the SO, group.

introduction
Sulfur dioxide is a very interesting fno}eoule. It serves not only as a very useful inorganic
solvent, but also exhibits a rich feaction-chernistry. In addition to being a ligénd with at least 9
different bonding modes,’ it is also amphoteric and can act either as an electron donor (Lewis
base) or acceptor (Lewis acid) molecule. As a donor, it can coordinate th.rough its free valence
electrbn pairs on either sulfur or oxygen. A typical example for the latter case is the oxygen-
bridged adduct between SbF, and SO,* As an acceptor, SO, likes to expand its coordination
" number around sulfur from three to four. Typical examples for .cpmp.ounds in which SO, acté as
an acceptor are the SO,X anions, where X' stands for a halide or pseudo-halide ion.’ |
X _-
5 yX — S ' W
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During reactions, aimed at the metathetical synthesis of NS*N;, the yellow color of the
solutions of colorless N, in colorless SO, raised our curiosity. This is in marked contrast to
solutions of N, in other polar solvents, such as water, that are colorless. Therefore, the SO/N;
system was studied in more detail. The results from this study were presented at the 13"
éuropean Symposiilm on Fluorine Chemistry* and a full -account of this work is given in this |
paper. Our original report’ provided the first evidence for the existence of the azidosulfite anion
and | was recently confirmed by an independent crystal structure determination of

[N(CH,),J'TSO,N,J.° In spite of many known sulfur-nitrogen compounds,' including sulfuryl

diazide® and azidosulfates,”™ no other reports on azidosulfites were found in the literature.




The SO,N; anion has previously been prepared by (a) the direct reaction between SO, and

NaN,:* (b) the reaction of H,NNHSO,H and KNO,;" (c) the reaction of [Na][SO,Cl] and N, and

(d) the reaction of S,0,N, with KOH/NaOH." Despite this diversity of synthetic routes, the SO,N;

anion had been characterized only by elemental analyses and infrared spectroscopy.

Experimental Section
Caution! Azides are highly endothermic and dﬁ‘en can decompose explo;sively. They &hould be
handled on a small scale with appropriate safety pfecdutions.

Materials and Apparatus. Reactions were carried out in either flamed-out Pyrex glass tubes
or Teﬂén-FEP or -PFA ampoules that contained Teflon coated rﬁagnetic stirring bars and were
closed by stainless steel or Teflon valves. Volatile materials were handled either on a stainless
steel / Teflon-FEP Vacﬁum' line” or a Pyrex glass vacuﬁm line equipped with grease-free Kontes
glass-Teflon valves. Noﬁvolatile solids were handled in the dry nitrbgen atmosphere of a glove
box. _‘ Infrared spectra were recorded on either a Mattson Galaxy or Midac M Series FI-IR
épectrometer using dry powders pressed between AgCl wihdows in an Econo press (Barﬁes
Engineering Co.). Raman spectra were recorded on either a Bruker Equinox 55 FI-RA
‘spectrometer using a Nd-Yag laser at 1064 nm and Pyrex melting point capillaries, glass NMR or
9 mm Teflon-FEP tubes as sample containers or a Cary Model 83 spectrometer using the 488 nm
exciting line of an Ar ion laser. NMR spectra were recorded on a Bruker Avance 400 FT-NMR
spectrometer. |

The N(CH,),'N,,” CsN,* and CsSO,Cl" starting materials were prepared by literature

-methods. The SO, (Air Products, anhydrous grade, 99.9%) was dried over CaH,. Trimethylsilyl

azide (Aldrich, 95%) was condensed from a stdrage vessel at -35 °C into the reaction vessel at

~-196 °C.




Preparation of M'SO,N," [M = Cs or N(CH}),,]. In a typical experiment, a 5 mm Pyrex glass
NMR tube, closed by a concéntric, grease-free Teflon valve (W ilmad Glass Co.) was loaded with
CsN, (1.335 mmol) in the giové box. The tube was attached to l}the Pyrex vacuum line and
evacuated; then anhydrous SO, (0.765 mL) was condensed into the tube at —196 °C. The mixture
was warmed to room temperature, and the CsN, dissolved giving a yellow solution. In the
presence of traces of moisture, a small amount of a whité precipitate formed that was identified
by-its infrared and Raman spectra as Cs,S,0,.” The tube and its contents were cooled to —22 °C,
and the SO, solvent was pumped off in a dynamic vacuum, leaving behind a white solid (322.0
mg, weight calculated for 1.335 mmol of CsSO,N, = 319.1 mg).

Preparation of M'(SO,),N, [M = Cs or N(CH,),]. In a manner similar to that used for the
preparation of CsSO,N,, CsN, (1.346 mm_ol)vwas loaded into a Pyrex NMR tube equipped with a
glass-Teflon valve, and anhydrous SO, (0.769 mL) was added in vacuo to the tube at -196 °C.
After warming to room temperature to dissolve all the CsN;, the tube was cooled to —64 c"C,‘ and
the SO, was removed slowly in a dynamic vacuum for 4 hours. The nonvolatiie residue
consisted of a yellow solid (406 mg, weight calculated for 1.346 mmol of Cs(SO,),N, = 407.9
mg).

Preparation of [Cs][SO,N,]. Inside a dry box, a glass vé‘ss’el, equipped with a Kontes glass-
Teflon valve and a Teflon-coated stirring bar, was loaded with [Cs]}[SO,CI] (2.383 mmol). On a'
glass vacuum line, (CH3)3SiN3<(8.940 mmol) was distilled onto the solid at -196 °C and allowed

_to warm to room tempe_raturé. After stirring the suspension for two days, volatiles were removed
at room temperature yielding a white solid. Raman spectroscopic characterization of the solid
revealed the presence of [Cs][SO,CI] and [Cs][SO,N,]. Four additional cycles of adding fresh

(CH,),SiN,, followed by removal of all volatiles at room temperature while monitoring the




progress of the reaction by Raman spectroscopy, resulted in a quantitative yield of pure
[CSI[SO,N,].

‘Crystal Structure Determination of CsSO,NCsSON,. About 0.5 mL of SO, was
condensed onto anhydrous CsN, in a 4 mm FEP NMR:tube that was then evacuated at —196 «C
and heat-sealed. The yellowish solution was allowed to stand for several weeks during which
time SO, diffused slowly through the walls of the tube, and a mixture of diffraction-quality,
prismétic, clear, colorless (compound 1, CsSO,N;-CsSO,N;) and'pale yellow (cpfnpOUnd 2,
Cs,S,0,-Cs,S,0,-S0, ) crystals was formed. The FEP tube was then cut open under a stream of
cold N, gaé ét ~ -80 +C, and the crystalline contents were dropped into the lip of a low-
temperature crystai—mounting apparatus. A Nylon Cryoloop, attached to a magnetic base, was
»used to trap a crystal, using PFPE (perﬂuo_ropblyether) oil, and to mount it on the magnetic
goniometer. The single crystal diffraction data were collected on a Brnkér 3-circle platform
diffrantometer, equipped with a SMART" CCD (charge coupled device) detector with the X-axis
fixed at 54.74°, and using MoK, radiation (A = 0.71073 f\) from a fine-focus tube.AT‘his
diffractometer was equipped with an LT-3 apparatus for low-temperature‘- data collection using
controlled liquid nitrogen boil off. Cell -co‘ns/tant's were determined from 90 thirty-second frames
at —100 »C (1) or at —70 *C (2). A complete hemisphere of data was collected, using 1271 frames
at 30 s/frame at a detector-resolution of 512 x 512 pixels, including 50 frames that Were nollected
at the beginning and end of the data collection to monitor crystal décay. The frames wére then

| processed on a PC running on WindoWs’NT software by using thé SAINT software” to: give the
hkl file corrected for Lp/decay. The absorption correction was performed using the SADABS”
program. The structures were solved by the direct method, using the SHELX-97 program,” and

refined by the least squares method on F’, SHELXL-97,% incorporated in SHELXTL Suite 5.10




for Windows NT.” All atoms were refined anisotropically. For the anisotropic displacement

' parame,te%s, the U(eq) is defined as one third Qf the trace of the orthogonalized Uy tensor.

Theoretical Calculations. Theoretical calculations were carried out on IBM RS/6000 work
stations using the GAMESS,” Gaussian 98,” and ACES II” program systems and fhe restricted
Hartree Fock (RHF),” the density functional B3LYP,” and the correlated MP2” and single- and
double-excitation coupled clﬁster methods,” including a non-iterative treatment of connected

triple excitations.”

Results and Discussion
The SO,/N, System. In cofnmon solvents, such as water, the N; anion dissolves without coior
* and retains its centro-symmetric, linear D, strpcture,‘as shown by its spectroscopic properties.
For example, an-aqueous NaN, solution ekhibits in the Raman spectrum only the symmetric N;’
stretching mode at 1340 cm” and in the “N NMR spectrum two resonances at —282.2 and ~133.5
ppm, respectively, with an area ratio of 2:1. By contrast, é solution of CsN, in liquid SO, is
intense yellow, exhibits a strong Raman baﬁd at 2016 cm”, and its “N resonance for the two
terminal nitrogeﬁ atoms is deshielded by 80 ppm relative to’ that of the free ioﬁ (Table 1). The N
NMR spectrum of a 1:1 mixture of CsN, and SO, in CH,NO, solution exhibits alsb two
resonances at ) = -209.9 and -132.5 ppm, reépectively, with an area ratio of 2:1. These chemical
shifts are similar to those of —201.7 and ~133.9 ppm observed for the SO, solution. The
observation of a single resonance for the terminal niﬁogen atoms, even for solutions of- the 1:1
- and 1:2 adducts in CHSCN at low temperatures, and the weak temperature dependence of the
‘chemical shift; indicate that the SO, groups in azidosulfites undergo rapid exchange on the NMR

time scale.



These observations are strong indications that SO, forms adducts with the a21de anion.
The combining ratios of N, with SO, were studled both experimentally and by theoretical
calculations. It was found that at —64 +C SO, forms with Cs'N," yellow 2:1 adducts that lose at
about —30 C one mole of SO, and yield white 1:1 adducts. The 1:1 adducts are marginally stable
~ at room temperature and, when heated to about 6OV *C, decompose to pure N, and SO,. The
corresponding N(CH3)4+ svablts' are thermally somewhat less stable. The underlying chemistry can
be used for the conversion of insoluble halides, such as fluoride, into azide. For example, CsF is
‘insoluble in most organicv solvents and reacts only incompletely' with reagents such as
trimethylsilylazide. It reacts, however, with SO, forming soluble SO,F. The fluoride in. SQZF can
then readily be exchanged for azide using trimethylsilylazide, resulting in the formation of
SOZN{- The latter is then thermally decomposed to give pure azide and SOZ.’S During the
pyrolysis of SO,N,’, no evidence was obtained for any N, elimination before the loss of all the

**In the presence of small

802 which might have offered a potential synthés_is for NSO, salts.
amounts of moisture, colorless cesium salts of S,0,” and S,0,” canvbe formed as insoluble by-
products.”
HO + SO, —» HSO, | | @)
SO, + HSO, = + 2 CsN3 —» Cs,5,05¢ + 2 HN, | 3)
As SO, has very little vapor pressure below —64 *C, the isolation of well defined adducts
containing more than two SO molecules per N, could not be studied experlmentally

In agreement with the experimental observations, the theorencal calculations show
that SO, can form stable 1:1 and 2:1 adducts with N,. In the 1:1 adduct, fhe SO, molecule is
“attached to one of the &rminal nitrogens bf the azide anion. This is in accord with the negative

charges in N, residing mainly on’ the terminal nitrogén atoms, thus making them the better

donors.




[ /e @ @\ _

N=N=N ]

The N-S bond of the resulting adducts is relatively long, varies strongly with the computational.
level, and ranges for the 1:1 adduct from 1‘.91 A atthe RHF level to 2.36 A at the MP2 level.

For the 2:1 adducts, the two SO, groups could reside on either the same or both terminal
nitrogen atoms. The energy d1fferences between the 1,1 adduct (IN-S = 2.47 A at MP2) and the
1,3 adduct (tN-S = 2.56 A) are predicted to be small, i.e., less than 1 kcal/mol at the MP2 and
less than 4 kcal/mol at the B3LYP level of theory in favor of the 1,1 adduct.

| Based on our calculaﬁons, the addition of a third SO, molecule to the 1,1 adduct
lengthens the two original 1,1 N-S bonds to 2.52 A, but the third N-S bond to the other terminal
nitrogen is much weaker at 2.87 A. Similarly, the addition of a fourth SO, molecule affects the
three original N-S bonds relatively little; the two geminal N-S bonds at 2.54 A become slightly
longer and the third N-S bond at 2.80 A becomes slightly shorter; however, the fourth N-S bond
at 3.19 A becomes much longer. These calculations at the MP2 level confirm that in the presence
| of excess SO, the N-S bonds become very weak, thus accounting for the observed facile N-S
bond brea‘kage on an NMR timescale. A more detailed discussi‘on of the calculated structures
will be given below.
The SO,N, anion can be described as either a doner-acceptor adduct between the
Lewis acid SO, and the Lewis base NS' or, by analogy to many known SO, X" (X = halogen or
pseudohalogen) anions, as an azidosulfite anion. Whereas either description is acceptable, the
description of the h1gher (SO,),N; adducts as az1dopolysu1ﬁtes is inappropriate because there is
no significant interaction between the SO, ligands. For the analogous (SO,)N, adducts,
azidopolysulfate structures have previously been suggested;” howe{fer it appears likely that

these SO, analogues also contain discrete SO, units and not polysulfate anions.



Crystal structures of CsSO,N, and CsSO,N,. The white crystals (compound 1), obtained from
a sample of CsSO,N, in SO, solution that was kept in a Teflon NMR tube at room temperature
for several weeks, had the composmon CsSON,-CsSO,N,. These crystals were stable only at
low-temperature or under an atmosphere of SO, at room temperature. The asymmetric unit in the
crystal lattice of 1 shows two Cs, two sulfur and five oxygen atoms besides six nitrogen atoms
forming two azide groups (Figure 1 and Tables 2-4). The cesium and sulfur atoms, and O1 and
N2 lie on special positions. The large thermal ellipsoids observed for the N1, N3, N4, N5 and
N6 atoms indicate a disorder across the crystallographic mirror plane. These atoms were then
moved off the mirror plane and refined which resulted in two disordered azide conformations on
the sulfur groups. In SO,N,, the sulfur atom S2 is connected to three oxygen positions with a
total occupancy of 2 and, therefore, is attributed to an SO, group. The oxygen atoms on S2
exhibit rotational disorder and have refined occupancies for 03 and OS5 of 64 and 36 %,
respectively. A comparison of the geometry found in this study for SO,N;’ in its cesium salt (see
Figure 2) with that in the ordered N(CHQ; salt’ and the thgoretical predictions at the correlated
level (see Figure 3 and Table 4) shows good agreement and demonstrates that the counter ion
does nbt strongly influence the structure of SO,N;.
The SO,N, anion is also slightly disorde;red. The N1 and N3 atoms are disordered across
the crystallographic symmetry plane thrOugﬁ S1, 01, and N2 (see Figure 4). Figure 5 depicts one
“of the two disordered ‘components. Furthermore, 'the rotation of the SO, group with respect to the
N, group 'deviates from the predictions at the MP2 and B3LYP levels of theory (see Table 5 and
Figum 6). In tﬁe free gaseous anion, the O1, S1, N1, N2, and N3 atoms are all predicted to be
coplanar, with O1 being trans to the azide group, while in the experimental solid-state structure

itis cis. Since the calculated energy difference between the cis- and frans-rotamers is very small



due to the weak S-N bond and its low frequency (33 cm”) torsion mode, the orientation of the
SO, group is easily affected by the strong oxygen-cesium interactions in the lattice (see beiow).

’ A comparison of the experimental structures of SO,N; and SO,N; shews a remarkable
difference of 0.23 A for the S-N distances, i. e., 1.981(12) A for SO,N; and 1.754(10) A and
SO,N,. The observed difference agrees well with tﬁat of 0.32 A predicted ‘at the B3LYP level
and can be rationalized by the large difference in the Lewis acidities of SO, and SO,. BaSed on
the Chr@ste/Dixon pF scale,” SO, and SO, have pF values of 3.99 and 7.83, respectively. If one
_views the SO,N;" and SOsN?' anions as Lewis acid / Lewis base adducts (see above), it is not
surprising that the stronger Lewis acid SO, forms the more stable adduct with the azide anion.
Due to its longer S-N bond, the SO,N, anion should undergo SO, group rotation even more
easﬂy than SO,N,. Therefore, one can expect the orientations of the SOn groups in the SON;
Anions to vary significantly from one salt to another. The Np-Nj distances at ~1.13 A are
sigriificantly shorter than the N,-Np distances at ~1.21 A and are characteristic for covalent
azicies with significant tripie and doﬁble bond character, respectively. With increasing S-N bond
length and a weakening of the SO,-N; interaction, the No-Np and Ng-N, bonds become, as

expected, more similar and their values approach those of the free N, anion.

The CsS‘02N3~CsSOSN3 strucfure exhibits many short contacts indicative of strong
| interionic interactions. Thus, all the Cs--O distances fall within the range of 3.047(6) (Cs2--O1)
to 3.40(2) (Cs2---05) A and are consieerably éhorter than the sum of their van der Waals radii of
about 4.5 A The Cs-N contacts of 3.219(13) and 3.305(11) A, involving the SO,N, and the
SOv3N3i groups, respec‘tively, are also significantly shorter than the sum of their van de; Waals
radii of about 4.54 A, The S1--Cs2 contact of 3.848(2) A is also considerabiy shorter than the

average distance of ~4.43 A for the remaining Cs~-S contacts.
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- The short Cs+O contacts mentioned above result‘in a three—dimensional network of four-
membered Cs,0, rings involving alternating SO,N, and SO,N,; units (Figure 1). A mean least
square plane analysis of these two four-membered rings shows lhat they are twisted by 93.4°
with respect to eacll other. The cesiurn-sulfur network (Figure 7) forms the basic crystal lattice

that is built up of face- and ed ge-sharing cuboids stacked in a stair-like fashion.

The yellow impurity 2 was identified as a double salt of Cs,S,04 and Cs,S,0, with a
molecule of SO, present as a solvate. The crystal structures of the separate anions have
previously been reported, *4 and the structure of this ternary compound will be discussed in a

forthcoming paper.

Vibrational Spectra and Theoretical Calculations. The vibrational spectra of CsSO,N,,
N(CH,),SO,N,, Cs(SO)2 N(CH3) (SO,),N,, and CsSO,N, are summarized in Tables 6-8 and
| Figures 8-11. The assignments were made by comparison with the calculated spectra and are
supported by normal coordinated analyses. The correctness of the given mode descriptions was
established by the calculated potential energy distributions. All the listed calculations were
carried out with a 6-311+G(d) basis set. The calculations at the B3LYP level were also done with
6-311+G(2d) and aug-cc-pvtz basis sets an.d showed tha_t the choice of the basis set had little
influence on the results. For the ease of presentation, the spectra are discussed in the following

order: SO,N;, (SO,),N;, N, in SO, solution, and SO,N;.

SO,N,. The structure of the SO, N, anion is well established by the crystal structures of
its N(CH ), *5 and Cs' (Fig. 2) salts and the results from the theoreucal calculations (Figure 3 and
Table 4). It must be emphasized that only the calculations at a correlated level (F1gu1e 3)

| duplicate the experimentally observed orientation of the SO, group. At the RHF level, the SO,

group points in the same direction as the azido group (Fig. 12). However, the energy- difference

11



between the structures of Figures 3 and 12 is only about one kcal/mol because of the rotational

barrier along the N-S bond in SO,N, (v =22 cm™ at the B3LYP level) being even lower than that

in SO,N;" (v = 33 cm”). The agreement between the observed and the calculated spectra (see
Table 6) is satisfactory if one keeps in mind that the skeletal modes involving the very long N-S
bonds are stron gly correlation dependent. Thus, the uncorrelated RHF method underestimates the
bond length of the S-N bond resulting in high frequency values for the modes involving the N-S
bond. On the other hand, all the correlated methods significantly overestimate the S-N bond
length (see Tables 4 and 5) resulting in low ﬁequency values for these modes If one assumes
that the actual bond lengths and frequencies fall between the uncorrelated and the correlated
values, the fit between calculated aﬁd observed -'data becomes satisfactory. Thése results, together
with our previous study of the SOF anion,’ > demonstrate the difficulties associated with the
accurate calculation of highly ionic, long bonds. In view of the significant discrepanﬁies between

- the observed and calculated frgquencies, the calculated force fields héve not been included in this

paper.

(SO,),N,. Whereas the structure of the SO,N; anion is firmly supported by its crystal
structures, only Raman data are available fdr the (SO,),N, ion. Since the negative charges in Ny
are located on the two terminal nitrogen atoms (see above), the SO, grOups must be attached to
these. However, the two SO, groups could be attached to the same or to different nitrogen atoms.
Theoretical calculations at the B3LYP (Figures 13 and 15) and MP2 (Figures 14 and 16) levels
of theory favor the geminai 1,1-(SO,),N; over the terminal 1,3-O,SNNNSO, adduct by 3.5 and
0.4 kcal/mol»; respectively. Figures 13 and 14 also show that the E3LYP and MP2 calculations

result in very different minimum energy structures for the 1,3-adduct. At the MP2 level there is,

in addition to the Ny-S bond with 2.56 A, also significant -7 interaction between the N=N and

12




S=0 double bonds resulting in an Np-O interaction of 2,84 A, while at the B3YLP level the
interaction occurs mainly through N-S bonds. Calculations were also carried out using the MP2 -
structure as the starting point for the>B3LYP calculation and vice versa, but in each case the
_ calculétioné reverted back to the structures sﬁown in Figures 13 and 14, establishing that they are
the true minima for each method. For the 1,1-adducts, the MP2 and B3LYP structures are more

similar (Figures 15 and 16).

Distipbtion between the 1,1- and the 1,3- structures is possible from the observed Raman
intensities (see Table 7). In the 1,3-structures the relative intensities of the antisymmetric and the
symmetric azide stretching modes are comparable, while in the 1,1 adducts the antisymmetric
stretching mode is much more intense than the symmetric one. Furthermore, in the 1,3 adduct
many of the low-frequency skeletal modes are of low Raman intensity, while in the 1,1-adduct
they are more intense and of comparable intensity. The observed spéctra (see Table 7 and Figure

10) clearly favor the energetically favored 1,1-structure.

SO, Solutions of N;. The Raman spectra of the yellow solutions of N, in liquid SO,
show bands at about 2016(s) (Vv,N,), 1274(w) (v,.SO,), 1120(vs) (VyS0,), 646(mw) (BN,),
400(br), and 230(br) cm™ that aré in accord with the spectra observed for the yellow, solid 1,1-
(SOQ)ZN;. adduct. In view of the similar spectra and the fact that the theoretical calculations
indicate that the bonding of a fhird and fourth SO'2 ligand to (SO,),N, becomes increasingly
weaker (see above), the yellow species present in the N,/SO, solutions is attributed to the 1,1- .

(SO,),N, anion.

SO,N;. The structure of this anior is firmly established by the x-ray diffraction results
(Figures 4 and 5). The theoretiéal calculations at the MP2 and B3LYP levels (see Tables 5 and 8

and Figure 6) result in almost identical geometries, however, compared to the experimental
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structure, the SO, group is rotated by 60 ° about the S-N axis. As for SO,N,, both methods
significantly overestimate the N-S bond lenvgth, in this case by 0.12 A. This bond distanice
overestimate results in an underestimate of those vibrational frequencies involving the S-N bond
(see Table 8), but otherwise the agreement between observed and calculated spectra is
satisfactory. The fact that the S-N bond in SO,N;’ is significantly shorter than that in SO,N; has
already been explained above by the increased Lewis acidity of SO,. This increased withdrawal
of électron density and negative charge from the azide anion in SO,N, also causes a marked
decrease in the N-N bond lengths, an increase in the average N, streching and bending

-frequencies, and an increased bond length difference between the No;;N s and Ng-N, bonds.

Conclusions. The N;’ anioh acts as a pseudohalide and dissolves in liquid SO, forming yellow
donor-acceptor adducts containing at least two SO, molecules per N,. At low temperature,
yellow (SO,),N; salts can be isolated in which both SO, molecules are probably attached to the
same terminal nitrogen atom. At ai)out -30 °C, one mole of SO, can be pumped off, resulting in
‘marginally stable, colorless SO,N;" salts that can be converted at about 50 °C into pure azides.
The azidosulfites are analogous to the previously known azidosulfates, but possess a

significantly weaker S-N bond resulting in lowered thermal stability.
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Table 1. “N NMR Spectra of Aqueous and SO, Solutions of MN, (M = Na, Cs or N(CH,),)
and of MSO,N, M = Cs or N(CH,),) in CH,NO,, CH,CN, or CHF, Solution

chem shift, ppm (line width, Hz)

compound (Solx}ent) central  terminal nitrogen area ratio
NaN, (E,0, 20 °C) -133.5 (18) -282.2 (60) 1:2
NaN, (S0,, 20 °CY / -135.8 weak  not observed
CsN, (S0,,20°C)" - -133.9(15) . -201.7 (76) 1:2
(SO,, -25°C) -134.3 (19) -200.1 (150) 12
~ (S0,,-65°C) -134.7 (51) -198.9 (235) 1:2
CSSO2N3 (CH,NO,, -22°C) | -132.5 (16) -209.9 (155) 1:2
N(CH,),N, (H,0, 22 °C)* -133.4 (18) -281.0 (58) 12
N(CH,).N, (SO,, -65 °C)° -135.6 (35) -199.8 (200) 12
| N(CH,),SO,N, (CH,CN, -40 °C)* -132.7° -205.3 (140) f
N(CH,),SO,N, (CHE,, -90 °C)" -136.4 weak  not observed
N(CH3)4(802)2N3'n802 (CH,CN, -40 °C)* -133.1" -203.7 (192) f

*Clear colorless solution with faint yellow solid. "Low solubility. ‘Pale yellow solution with
yellow solid. “The sharp resonances due to N(CH,),” were observed at -139.3 (H,0) and -336.9
ppm (SO).‘Resonances due to CH,CN and'N(CH3)4* were observed at -137.7 (~300Hz) and -

338 ppm, respectively. " Not determined due to overlap with solvent resonance. |

Table 2. Crystal Data and Stmcfure Refinement for CsSO,N, CsSO,N, (1)
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empirical formula
fw

Temperature (K)
spaée group

crystal size, mm

o

A A
R,

int

transmission factdfs
goodness-of-fit on F
R1, wR2 [I>2sigma(l)]

R1, wR2 (all data)

Cs,N,O,S,
494.00

173(2)

P2 /m

9.542(2)
6.2189(14)
10.342(2)
114.958(4)
556.4(2)

2

2.949

6.939

0.10x 0.27 x 0.52
0.71073

0.0446

0.5437- 0.1230
1.075

0.0398, 0.1068
0.0416, 0.1085
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Table 3. Atomic Coordinates (x 104) and Equivalent Isotropic Displacement Parameters
(A2x 103) for CsSO,N, CsSO,N,. U(eq)is Defined as one Third of the Trace of the
Orthogonalized Ulj Tensor.

X Ly v z Uleq)
Cs(1) 6199(1) 2500 3672(1) 38(1)
Cs(2) 10539(1) 2500 1983(1) 39(1)
S(1) 6914(2) 2500 7536(2) 42(1)
S(2) 9094(3)  -2500 3854(2) - 40(1)
o(1) 8336(7) 2500  8827(6) 59(2)
0Q) 6625(5) 562(8) 6701(5) 49(1)
0(3) 8278(16)  -3010(20)  4683(12) 47(5)
0®) 8677(11)  -276(12)  3266(9) 45(2)
0(5) 10543(17)  -3070(30)  3910(30) . 45(7)
N(1) - 5404(10)  1975(19)  8035(10) 49(4)
N(2) 5694(T) 2500 9245(6) 31(1)
N@3) 5843(12)  3101(19)  10317(11)  51(4)
N(4) C7990(17)  -4208(17)  2097(14) 55(3)
N() 7791(13) -3134(14) 1059(12) 40(2)
N(6) 7645(14)  -2130(30) . 100(13) 52(5)

2







o

“wonisod waZAxo parapIrosip o3 Jo yuauodwod Jofew ay) Eoﬁ uoye],
"suonisod paropIosIp woiy onfea 93eIoAy, Juewdery §N oy yim ouerd ur Lroreunxoxdde st ey wore wedhxQ, ywowdery $°N oyl Jo
auerd o) 01 EESEBQ rod Arereunxoxdde st jet) wote weg4xQ, 7 JoIr woxy BIR(] , "SUOTIRINOTED [E JOJ Pasn Sem 1as s1seq (P)O+1¢-9 V,

(oneLein LOTTT1 oﬂi 86°CTT 8S P11 911 0-S-0
(D)9'8LT. (STT'8LY LE6LL  TE6LI 91'6L1 6'8L1 AN-N-ON
1T o11 (8)0°011 [9°80T  T8'901 6C°011 0ZIT gN-ON -S
(6)L8°001 SDLT0T 9%'101  ¥T'T01 T ol 607701 N-S-O
(8)78'96 (17001 1066 1666 12°66 9% 101 N-S-0
(o) S3[3ue puoq
@rr11 (ODOET'T 811 SOT'T 6911 A - AN-ON
@Y1z (16071 (AAAR €71 LOT'T S0T'1 gN-ON
@LSY'T (8)S67°1 €671 16V 0641 911 ,0-S
(@esr' L0101H'1 vev'T ¥l (A Yov'1 .0 S
(©$00'C (T1186'1 861°C 96¢T 97TT L06'T | N-S
(y) sdoue)sip puoq
+ N'OS,['CHONI N0S.$D (DAsdd N dxIed JHY
PIAIISqO ﬁBE.:o_mo

sonfeA 83_8_8 o pue NOS,I'CHOINI

uf asoy], 0} paaeduro)) Jes s s) ur uorwy “N°QS a3 Jo [,] sejduy pue [y] sp3uar] puog jueyroduuy JSOI *p S[qEL,




Table 5. Most Important Bond Lengths [A] and Angles [°] of the SO,N, Anion in its Cs’ Salt
Compared to the Calculated” Values

calculated observed
B3LYP MP2
- ] /6-31+G(d)  /6-31+G(d)

bond distances (A)
S-N 1.876 1.871 1.754(10)
S-0’ 1.473 1.472 1.440(5)
S-0, 1.479 1.478 1.447(6)
No-NB 1.223 1.233 1.207(11)
NB-Ny : 1.151 1.175 1.120(11)
bond angles (°)
0’-S-N 99.59 9931  92.7(4)
0,-S-N 102.94 10247  107.2(4)
S-Na-NB 114.21 11452 110.0(8)
No-NB-Ny 175.39 174.48  173.5(10)
0’-S-0, 116.18 11645  114.9(2)
S-N-N-N 180.00 180.00  180.0

O’-S-N-N 180.00 180.00  180.0
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Table 8. Vibrational Spectra of [Cs][SO,N,]

vibrational frequencies, cm’ assignments
exp calc SON,; (C)
IR,22°C Raman, 22 °C MP2 - B3LYP
3337m 213441247 (v, + v,,)
2469m 1269+1247 (v,+v,)
2450m 2x1247 (2xv,)
2283w 124741045 (v,+ v,,)
2134vs 2138(23) 2272(19)[81]  2192(827)[89] v,(A), v,(N)
2118(15) '
1483w _ 2x744 (2xv,)
1278(8) 1285(D[1] 1323(136)[8] v,(A"), v.(N)
1269vs 1283(9)[16] 1241(318)[14] v,(A"Y, v (S0O,)
1247vs 125009) 1261(9){71 1218(336)[9] v,,(A"), v.(SO,)
1114w 1089(5)
1045vs 1052(100) 1022(4)[44]  987(158)[40] v, (A", v(S0,)
1028w . 562+464 (v, + V)
744s 746(18) 706(0.5)[5] 700(18)[5] v,(A"), 8(N,) in plane
640sh 644(10) 558(0.1)[0.11  593(®)[0.1] v,,(A"), S(N,) out of -
plane
626vs 563(N[7] 572(349)[6] VA", 3(S0,)
umbrella
618m 2x313 (2xv,)
579w _
562s 558(13) 519(1)[4] 510(28)[41 v,,(A"), 8,.(SO,)
556s
547s 550sh 518(0.5)[3] 509(18)[3] v,(A", 8_.(S0,)
464m 464(54) 363(2)[29] 369(34)[24] V4(A"), v(S-N)
370(28) 314(D[11] 314(11D)[9] V(A", 3_.(SO,)
364sh S ‘
313(8) 322(0)[1] 318(0)[1] vi(A"), 3,,.(S0,)
185(23) 123(0[7] 139(1)[6] V, (A", 8, (S-N-N)
112sh
49(0)e6] - 33(0)(6] vis(A"), w(S-N)




Diégram Captions

Figure 1. Crystal Structure of CsSO,N;CsSO,N..

Figure 2 A 30% Ortep plot of the experimental SO,N,” structure.

Figure 3. Structure of the SO,N; anion calculéted at the CCSD(T)/6-31+G(d) level.
Figure 4. Crystal structure of the SO,N; anion in its Cs salt, showing the disorder of N1 and N3
across the crystallographic mirror plane.

Figure 5. A 30% Ortep plot of the experimental SO,N; structure.

Figure 6. Structure of the SO,N; anion calculated at the MP2/6-31+G(d) level.

Figure 7. Packing diagram of CsSO,N;CsSO,N, showing the cesium-sulfur network.
Figure 8. Raman spectrum of CsSO,N,.

Figure 9. Raman spectrum of N(CH3)4SOZN3. |

Figure 10. Raman spectrum of Cs(SO,),N.. |

Figure 11. Infrared (upper trace) and Raman (lower trace) spectra of CSSO3N3.

Figure 12. Structure of the SO,N; anion calculated at .the RHF/6-31+G(d) level.

Figure 13. Structare of the 1,3-(SO,),Ny anion calculated at the B3LYP/6-31+G(d) level.
Figure 14. Structure of the 1,3-(SO,),N, anion caiculated at the MP2/6-31+G(d) level.
Figure 15. Structure of the 1,1'—(SOZ)ZNB' anion calculated at the B3LYP/6-31+G(d) level.

Figure 16. Structure of the 1,1-(SO,),N; anion calculated at the MP2/6-31+G(d) level.
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